Direct and indirect effects of predators are highly variable in complex communities, and understanding the sources of this variation is a research priority in community ecology. Recent evidence indicates that herbivore community structure is a primary determinant of predation strength and its cascading impacts on plants. In this study, we use variation in herbivore community structure among plant species to experimentally test two hypotheses in a temperate forest food web. First, variation in the strength of predator effects, such as ant predation of caterpillars, is predicted to be density dependent, exhibiting stronger effects when prey abundance is high (density-dependent predation hypothesis). Second, mutualistic interactions between ants and sap-feeding herbivores are expected to increase the abundance of predatory ants, strengthening predation effects on herbivores with cascading effects on host plants (keystone mutualism hypothesis). Using a large-scale predator exclusion experiment across eight dominant tree species, we tracked changes in insect density on 862 plants across two years, recording 2,322 ants, 1,062 sap-feeders, 5,322 caterpillars, and quantifying herbivory on 199, 338 leaves. In this experiment, density-dependent predation did not explain variation in the direct or indirect effects of ants on caterpillars and herbivory. In partial support of the keystone mutualism hypothesis, sap-feeders strengthened top-down effects of ants on caterpillars under some conditions. However, stronger ant predation of caterpillars did not lead to measurable trophic cascades on trees occupied by sap-feeders. Instead, the presence of sap-feeders was associated with increased per capita feeding damage by caterpillars, and this bottom-up effect attenuated the indirect effects of ants on host plants. These findings demonstrate that examining the multi-trophic impacts of mutualisms and predation in the context of the broader community can reveal patterns otherwise masked by compensatory interactions.
intRoduCtion Understanding sources of variation in the strength of top-down effects is a central issue in food web ecology (Terborgh and Estes 2010) . In their seminal paper, Price et al. (1980) made a strong case that carnivore-herbivore interactions cannot be well understood without consideration of the plants on which they occur. Even though this call for a tri-trophic perspective has been followed in subsequent ecological research (e.g., Tscharntke and Hawkins 2002 , Ohgushi et al. 2012 , relatively few studies have investigated the strength of predator effects in the context of complex food webs rather than food chains based on a single plant species or a set of closely related plant species . Notably, the top-down effects of predators can vary among plants due to variation in herbivore communities on those plants (e.g., Wimp and Whitham 2001 , Mooney and Agrawal 2008 , Abdala-Roberts et al. 2014 , Singer et al. 2014 because herbivores can vary in both abundance and the types of interactions with which they engage other trophic levels. In this broader context of herbivore and plant community variation, predicting the consequences of predatory effects in complex food webs has proven difficult because additional interaction types can generate opposing effects to antagonistic interactions (Spiesman and Inouye 2015) and bottom-up effects can attenuate the effects of predation (Gruner 2004) . For example, mutualists have the potential to act as third parties, mediating the effects of predation and herbivory and altering the impacts of these antagonistic interactions on community structure (Melián et al. 2009 , Palmer et al. 2015 .
Ant predation of caterpillars is a common antagonistic interaction in terrestrial food webs. Ants are abundant omnivores that frequently attack and prey on insect herbivores (Lach et al. 2010) , and caterpillars are predominant insect herbivores in many plant communities (Futuyma and Gould 1979 , Schowalter et al. 1986 , Novotny et al. 2002 , Summerville et al. 2003 ). Here we consider predatory effects of ants broadly to encompass both their consumptive and non-consumptive effects on prey behavior (Preisser et al. 2005) . Ant predatory effects have sizable impacts on the overall abundance of leaf-chewing herbivores on host plants, including caterpillars (Montllor and Bernays 1993 , Karhu and Neuvonen 1998 , Piñol et al. 2010 , but ant suppression of these herbivores frequently varies among host-plant species or host-plant genotypes (Karhu 1998 , Sipura 2002 , Sam et al. 2015 . In some cases, the predatory effects of ants reduce leaf-chewing damage or other types of herbivory, providing widespread examples of trophic cascades in terrestrial ecosystems, especially when ants are recruited in plant defense (Rosumek et al. 2009 , Romero and Koricheva 2011 , Moreira et al. 2012 .
In this study, we investigate the predatory effects of ants on caterpillars across eight tree species in a temperate forest community. The comparison of tri-trophic interactions across coexisting tree species provides a unique perspective on the relative importance of alternative ecological mechanisms within the local community . We focus on two attributes of herbivore communities known from this system and hypothesized to influence ant-caterpillar-plant interactions.
The density-dependent predation hypothesis predicts that ant predation strength will increase with prey densities. We investigated density-dependent predation of caterpillars by ants in two distinct dimensions: (1) variation at the scale of habitat patches containing all eight tree species (i.e., among spatial blocks) (2) variation across tree species independent of spatial context (i.e., total caterpillar abundance and ant predatory effects for each tree species). We expected ant predation to be density dependent in these dimensions because ants are generalist predators (Lach et al. 2010 ) and ant predation is reported to be densitydependent for other prey (Sakata 1995, Harmon and Andow 2007) . Likewise, strong ant predatory effects have been observed on host plants experiencing herbivore outbreaks of eruptive caterpillars (Fowler and Macgarvin 1985) , suggesting that, at locations were caterpillar density was high, the effects of predatory ants would be higher as well. We also expected ant predation to vary across tree species because bird predation of caterpillars was density dependent across the same set of tree species included in our experiment .
In addition to density-dependent predation, we evaluate the mediating effects of mutualisms on ant predation of caterpillars. Mutualistic interactions with sap-feeders are known to mediate the predatory effects of ants (reviewed in Styrsky and Eubanks 2007 , Rosumek et al. 2009 , Zhang 2012 . Ants frequently engage in a food-for-protection mutualism with the sap-feeding herbivore guild in which ants receive a sugar-rich excretion ("honeydew") from sapfeeding Hemiptera in return for protection from natural enemies (Stadler 2008 , Lach et al. 2010 . Stronger suppression of non-mutualistic herbivores (i.e., caterpillars) occurs when ants recruit to sap-feeders to consume honeydew, increasing the density of foraging ants on host plants (e.g., Kaplan and Eubanks 2005, Grinath et al. 2012 ). If ant predatory effects are sufficiently strengthened, ant-sap-feeder mutualisms can reduce leaf-chewing herbivore abundance (Styrsky and Eubanks 2007) and individual plants harboring sap-feeders may experience increases in fitness (Messina 1981 , Punttila et al. 2004 , Styrsky and Eubanks 2010 . We term this mechanism the "keystone mutualism hypothesis" after the proposal that ant-sap-feeder mutualisms can be a keystone interaction in food webs (Styrsky and Eubanks 2007) . Ants actively engaged in mutualisms can dramatically suppress herbivore abundance and herbivory, compensating for the direct cost of sap-feeding when this suppression provides a net indirect benefit to host plants Eubanks 2007, Zhang 2012) . This interaction can have significant consequences for both plant and insect communities. For example, ant-sap-feeder mutualisms protected Betula pubescens trees from complete defoliation and mortality caused by outbreaks the autumnal moth Epirrita autumnata (Punttila et al. 2004 ). Consequences like these attribute "keystone-like" properties to ant-sap-feeder mutualisms because classic cases of keystone species generate trophic cascades by suppressing dominant herbivores (Paine 1969, Estes and Duggins 1995) . Following the keystone mutualism hypothesis, we predict that the mutualism with sapfeeders will drive stronger predatory effects of ants, leading to increased suppression of the dominant herbivore guild (caterpillars) and trophic cascades via reduced leaf damage from chewing herbivores. We specifically address the predictions of the keystone mutualism hypothesis regarding herbivore abundance and trophic cascades, acknowledging that the keystone analogy may not hold with respect to maintaining community stability or diversity (Paine 1966) and disproportionate impacts on food webs relative to abundance of the keystone species (Power et al. 1996) . Importantly, while recent studies have demonstrated the ecological importance of this mutualism at the scale of insect communities (e.g., Grinath et al. 2012) , it is still unclear how other ecological processes may be acting simultaneously to determine the consequences of ant predation for herbivores and plants (Styrsky and Eubanks 2007) .
In summary, we sought to determine the strength of predatory effects in a forest food web that are mediated by variation in herbivore communities at the scale of both habitat patches and tree species. We specifically addressed three key questions regarding variation in tri-trophic interactions among ants, sap-feeders, caterpillars, and their host plants.
(1) How does the strength of predatory effects by ants vary within and among tree species in the same community? (2) To what degree is this variation explained by density-dependent predation or keystone mutualisms? (3) What ecological mechanisms determine the strength of trophic cascades from ants to plant damage by chewing herbivores? mateRials and methods
Study system
Field experiments took place in Middlesex County, Connecticut, USA during spring and summer of 2011 and 2012. Eight tree species that are common to the northeastern coastal forest ecoregion (Olson et al. 2001) were used in the experiments: Acer rubrum (red maple), Betula lenta (black birch), Carya spp. (hickories in the Eucarya subgroup: Carya ovata, Carya tomentosa, and Carya glabra), Fagus grandifolia (American beech), Hamamelis virginiana (witch hazel), Prunus serotina (black cherry), Quercus alba (white oak), and Quercus rubra (red oak). In spring and early summer, this plant community hosts a diverse assemblage of herbivores and predators, including over 100 species of macrolepidopteran caterpillars , sap-feeding Hemiptera in the families Membracidae (Wallace 2008) and Coccidae, and 20 species of predatory ants (Ellison et al. 2012; R. E. Clark, unpublished data) . Two carpenter ant species (Camponotus pennsylvanicus and C. chromaoides) and Formica neogagates are the most abundant arboreal-foraging ant species typically interacting with sap-feeders and caterpillars (Weseloh 2000; R. E. Clark, personal observations) . Camponotus and Formica are opportunistic predators of caterpillars on woody vegetation (Tilman 1978 , Fowler and Macgarvin 1985 , Ito and Higashi 1991 , Sanders and Pang 1992 , Riihimaki et al. 2006 ) and these local members of these genera are demonstrated mutualists of sap-feeding insects (Morales 2011) .
Predatory ant exclusion experiments
To determine ant effects on caterpillars, ants were excluded from experimental tree branches or branchsized saplings with a sticky barrier (Tanglefoot, Contech Enterprises, Victoria, British Columbia, Canada) applied to the base of branches. Branches with the antexclusion treatment (−ants) were paired with control branches (+ants) in close spatial proximity (~1-15 m) either on two neighboring trees or on different branches on the same individual tree. Treatments were set up over a three-week period in spring of each year (5 May-29 May 2011 and 7 May-24 May 2012). In each year, we delimited six distinct blocks (separated by at least 100 m) in each of three forest sites (separated by ~10 km) in Middlesex County, Connecticut, USA: Cockaponset State Forest, in the town of Haddam; Millers Pond State Park, in the town of Durham; and Hurd State Park, in the town of East Hampton. This design yielded 36 total spatial blocks (2 × 6 × 3), each encompassing a habitat patch with each of the eight tree species and their shared ant community (R. E. Clark and E. R. Johnson, unpublished data). In 2011, each spatial block contained one replicate of ant exclusion and control treatments per host plant species (8 × 2), and in 2012 each spatial block contained two replicates of ant exclusions and controls for all host-plant species (8 × 4). The experiment included 288 branches/saplings in 2011 and 576 branches/saplings in 2012. Two branches in 2011 were unintentionally not sampled, resulting in 862 total branches/saplings.
Sap-feeder community
Field experiments relied on the presence and absence of ant-sap-feeder mutualisms as they occurred naturally. The presence of mutualistic interactions on host plants was also determined if we observed membracid (treehopper) or coccid (scale insect) individuals on experimental branches during field collections of insects, after ant-exclusion treatments were erected (see below). 216 branches were occupied by sap-feeders during the course of this experiment (25.1% of branches), of which 11 were occupied by scale insects. We included branches with scale insects because they co-occurred with treehoppers in multiple instances, and we observed the same ant species engaged in mutualism with scale insects as well. Sap-feeder presence varied significantly among hostplant species (likelihood ratio test, P < 0.001; Appendix S1: Fig. S1 ). When present, treehoppers and scale insects occurred in small, low-density groups (2.36 ± 0.165 [mean ± SE]) and had a single generation in the 9-week duration of this experiment. Hence, there was no opportunity for sap-feeder population growth and density-dependent changes in benefits from mutualistic ants during each growing season, unlike aphids and their interactions with mutualistic ants (Kaplan and Eubanks 2005) . Indeed, the ant-exclusion treatment had no impact on the presence (likelihood ratio test, P = 0.789; Appendix S1: Fig. S1 ) or abundance of sap-feeders (rank-sum test, P = 0.126).
Field collections of insects
We sampled all experimental branches for caterpillars, ants, and sap-feeders over two successive 3-week periods in both years (6 June-8 July 2011 and 30 May-4 July 2012), such that each branch was sampled twice, 3 and 6 weeks after set-up. Insects were sampled by branch beating, which involved vigorously shaking branches dislodge ants, caterpillars, scale insects, and treehoppers that would then fall onto sheets held below. To reduce model complexity associated with repeated measures, insect counts were pooled across these two sampling events for all statistical analyses. Ants and caterpillars were identified to species, and sap-feeding Hemiptera were identified to family. In total, we sampled 2,322 ants, 1,062 sap-feeders, and 5,322 caterpillars.
Leaf area and leaf damage measurements
The leaf area of each individual branch was estimated following Singer et al. (2012) . We counted the number of leaves for each experimental branch in July 2011 and July 2012 at the conclusion of arthropod sampling. The total leaf area of each branch was calculated as the average area of a leaf of a given tree species, multiplied by the number of leaves on that branch. Average leaf area values were taken for each tree species used in the same forests sites as Singer et al. (2012) . This continuous estimate of leaf area was used as an offset in models to statistically control for the effect of variation in host-plant branch size on insect abundance (Kotze et al. 2012 ). Hence, although statistical models (described below) use insect abundance as a response variable, insect density was modeled through our analyses.
We estimated herbivory by caterpillars on each experimental branch over the course of the 2012 season by quantifying the leaf area lost to chewing herbivores at the end of the experiment in mid-July. The following describes our methodology (technique modified from Barber and Marquis 2009 ). For each experimental branch, we visually classified the damage level of all leaves on each branch into the following six categories: (1) no leaf area lost, (2) 1-20% leaf area lost, (3) 20-40% leaf area lost, (4) 40-60% leaf area lost, (5) 60-80% area lost, and (6) 80-100% leaf area lost. For analysis, we assumed the estimated proportion of damage on each leaf to be the median of each category (0, 0.1, 0.3, 0.5, 0.7, 0.9). On all branches, we counted remnant petioles in category 6 since these likely indicated a leaf that had been completely consumed (80-100%) by chewing herbivores. To estimate leaf damage on a given experimental branch with these data, we used the following formula:
where A is the known average area of a single leaf for the host-plant species, C i is the number of leaves in the ith damage category, M i is the median proportion of leaf area lost in the ith damage category, and n is the number of damage categories (n = 6). We assayed 199,338 leaves across 576 branches by this method.
Statistical analyses
We used generalized linear mixed models (GLMM) to determine ant-exclusion effects on caterpillar abundance, ant abundance, and leaf area lost to herbivory. GLMMs were run in R 3.1.3 (R Core Development Team 2016) using the lme4 package (Bates et al. 2016) . Caterpillar abundance models were fitted to the Poisson distribution, which is appropriate for ecological count data (Sileshi 2006) , and total ant abundance models were fitted to a negative binomial distribution due to a high proportion of zero values (Long 1997) . Significance of fixed effects was estimated using Type II sum of squares (following Langsrud 2003) from Wald χ 2 likelihood-ratio tests using the car package in R (Fox et al. 2015) . Post-hoc tests, predicted marginal means, and standard errors for fixed effects were calculated using the LSMEANS package in R (Lenth 2016) . Branch leaf area was log-transformed and used as an offset in all models, and GLMMs were tested for overdispersion using the BLMECO package in R, using ϕ < 0.7 and ϕ > 1.4 as thresholds for concern about overdispersion ( Korner-Nievergelt et al. 2015) .
To test the keystone mutualism hypothesis, we first constructed a GLMM utilizing a complete data set to determine the combined effects of ants, host-plant species, and sap-feeders on caterpillar abundance. Fixed effects included ant-exclusion treatment, host-plant species, sap-feeder presence and their factorial interaction terms. Site and year were treated as fixed effects due to few levels (Bolker et al. 2009 ) and spatial block (n = 36) was treated as a random effect. To test the effect of sap-feeder presence on caterpillar per capita effects on leaf damage, we compared the leaf damage divided by the number of caterpillars between presence and absence of sap-feeders (ant-exclusion branches only) using Wilcoxon/Kruskal-Wallis tests (JMP 11 Pro; SAS Institute, Cary, North Carolina, USA). We also tested if sap-feeder presence increased the abundance of each ant species (C. chromaoides, C. pennsylvanicus and F. neogagates) in three separate Wilcoxon/Kruskal-Wallis tests.
To test the density-dependent predation hypothesis at the habitat patch scale, we used a subset of the 2012 data as an index of local caterpillar abundance in each spatial block. This approach was used because branch-level caterpillar density would otherwise be included as both predictor and response variables, creating a spurious correlation. We restricted this analysis to the 2012 data because all spatial blocks in this year contained an additional replicate that could be used to estimate caterpillar population density. Reference branches were always sampled in close proximity on the same host-plant species, on the same day, in the same spatial block. Caterpillar population density index and caterpillar abundance on experimental branches were positively correlated (Appendix S1: Table S4 , P = 0.039), giving confidence that this index represents effects of local factors at the habitat patch scale that contribute to caterpillar abundance on experimental host plants subjected to a shared predatory ant community. For analysis, we constructed a GLMM with caterpillar abundance in 2012 as a response variable, and predictor variables were hostplant species, sap-feeder presence, caterpillar population density index, and the interaction terms for host-plant species by sap-feeder presence and ant treatment by caterpillar population density index. A significant ant treatment by caterpillar population density index interaction term would provide support for the densitydependent predation hypothesis at this scale since it demonstrates that the ant treatment effect is mediated by caterpillar abundance.
In follow-up tests of density-dependent predation, we used nonparametric regression (Spearman's ρ test, JMP 11 Pro) to evaluate the correlation between the average ant treatment effect (difference between −ant and +ant treatment for the tree species) and caterpillar population density index. First, for all tree species, we regressed the average ant treatment effect against the average caterpillar population density index (n = 8). Second, since we observed one host-plant species experiencing ant effects in the absence of sap-feeders (P. serotina, Fig. 2 
), we ran a follow-up test to determine if density-dependent
predation was operating for this tree species at the scale of spatial blocks (n = 18).
We used structural equation modeling (confirmatory path analysis, sensu Shipley 2009) to evaluate a putative, community-level food web model inferred from univariate analyses. We employed piecewise structural equation modeling in R with the piecewiseSEM package (Lefcheck 2015) . Confirmatory path analysis requires a priori knowledge of hypothetical causal relationships (e.g., caterpillars cause leaf damage), and evaluates a proposed path model based on data collected on the proposed interactions. In this case, we tested direct interactions represented by linear equations based on experimental predictor and response variables from our GLMMs. A proposed path model was rejected if it found any missing pathways with a significant effect on path model structure (Shipley 2009 ). If a model was rejected, connections were iteratively added until model acceptance was met. Once a model was accepted, single step changes in a path model (i.e., removal/addition of an interaction or altering the target of an interaction) were evaluated using the Akaike information criterion, corrected for sample size (AIC c ), to determine if these changes improved overall model fit (Lefcheck 2015) . Finally, to evaluate the magnitude ant-instigated trophic cascades, we multiplied the path coefficient (β) for each direct effect in the casual chain: ant exclusion effect on caterpillars and caterpillar density effects on leaf damage (following Lefcheck 2015) .
Results
The ant-exclusion treatment reduced ant abundance by 74% (Appendix S1: Table S1 , P < 0.001). The presence of sap-feeders marginally increased total ant abundance (Appendix S1: Table S1 , P = 0.060) and sap-feeders did not increase the abundance of the numerically dominant ant species, F. neogagates (signed-rank test, P = 0.192; Fig. 1 ). In dramatic contrast, sap-feeders increased the abundance of foraging carpenter ants (Camponotus spp.) on plants: C. chromaoides by 677% (signed-rank test, P < 0.001) and C. pennsylvanicus by 330% (signed-rank test, P = 0.004).
A three-way statistical interaction among ant-exclusion treatment, host-plant species, and the presence of sapfeeders (Appendix S1: Table S2 , P < 0.001) demonstrated that ants reduced caterpillar abundance, but the strength of ant predation was contingent on sap-feeders and hostplant species (Fig. 2) . In the absence of sap-feeders, ant exclusion significantly increased caterpillar abundance on P. serotina. In the presence of sap-feeders, ant exclusion increased caterpillar abundance on A. rubrum, H. virginiana, and Quercus alba (Fig. 2) . Ant predatory effects on caterpillars were not detectable on B. lenta, Carya spp., F. grandifolia, and Q. rubra. On Carya spp., when ants were excluded from branches, caterpillar abundance was increased in the presence of sap-feeders (Fig. 2, Tukey HSD) .
Ant suppression of caterpillars did not reduce herbivory (leaf damage to plants; Fig. 3 ; Appendix S1: Table  S3 , P = 0.343) and the effect of ant treatment on leaf damage was not increased by the presence of sap-feeders (Appendix S1: Table S3 , P = 0.537) or modified by hostplant species (Appendix S1: Table S3 , P = 0.816). Therefore, even though ant predation significantly reduced the abundance of caterpillars, we did not detect cascading indirect effects of ants on plant damage in this GLMM. The prediction of the keystone mutualism hypothesis that ant-sap-feeder mutualism reduces leafchewing herbivore damage was therefore not supported. Instead, there was a marginally significant positive association between sap-feeder presence and leaf damage (Appendix S1: Table S2 , P = 0.061). Further analysis demonstrated that tree branches with sap-feeders had increased per capita (caterpillar) leaf damage (Appendix S1: Fig. S2 , rank-sum test, P = 0.002). Thus, the indirect effect of sap-feeders on leaf damage was mediated by an average feeding increase of 34.5% by individual caterpillars in association with sap-feeders.
As evidence against the density-dependent predation hypothesis, ant predation of caterpillars did not increase with caterpillar density at the scale of spatial blocks or across host-plant species. Caterpillar population density index did not increase the magnitude of ant predation of caterpillars as modeled by the ant exclusion × caterpillar population density index interaction term (Appendix S1: Table S4 , P = 0.110). Even though we observed an effect of ant predation in the absence of sap-feeders on P. serotina (Fig. 2) , the strength of ant predation on this host-plant species was not correlated with caterpillar For confirmatory path analysis, the proposed path model came directly from interpretations of univariate analyses on carpenter ant abundance, caterpillar abundance, and leaf herbivory. We hypothesized that the carpenter ants (C. chromaoides and C. pennsylvanicus) were driving predatory effects on caterpillars since these ant species were directly affected by sap-feeder presence (Fig. 1 ). Because these ant species both recruit to sapfeeders ( Fig. 1) , we included total carpenter ant abundance in the path analysis instead of total ant abundance.
The accepted path model (Fig. 3) supported interpretations of univariate analyses, with several key exceptions. We added a single path (ant-exclusion effect on leaf damage) to improve model fit (ΔAIC c = 3.2). The path analysis confirms that ant predation (measured by ant exclusion) had a strong negative effect on caterpillar abundance, and caterpillar abundance predicted leaf herbivory. Therefore, the path model shows evidence for a casual chain resulting in a trophic cascade. However, sapfeeder presence also had a positive effect on leaf damage (Fig. 3) , demonstrating that host plants harboring sapfeeders also experienced increased herbivory from leafchewers, such as caterpillars. This result matches outcomes from the GLMM analysis in which there was a marginally significant effect of sap-feeder presence on leaf herbivory (Appendix S1: Table S3 , P = 0.064). The path analysis thus illustrates that there are two opposing effects on host plants: ant-instigated trophic cascades and increases in herbivory by leaf-chewers associated with sap-feeders (Fig. 3) . Indeed, this interaction chain is supported in the path analysis (Fig. 3) when we find the path coefficient for this chain of direct effects (following Lefcheck 2015) . Consistent with a trophic cascade, there is an indirect effect of ants on host plant leaf damage via Bar height represents predicted marginal means and predicted standard errors of the mean from the GLMM analysis of caterpillar abundance. In each panel, means not connected by the same letter are significantly different (Tukey's HSD). There was no difference in caterpillar abundance between ant treatments or between sap-feeder presence/absence for the host-plant species Betula lenta or Fagus grandifolia (not shown). changes to caterpillar density (β = 0.0116 × 0.0019 = 0.0002). However, there is still a positive effect of sapfeeder presence on leaf damage (β = 0.309). Finally, hostplant species also determined variation in caterpillar abundance (P < 0.001, β = −1.528, host-plant effects not shown in Fig. 3 ) and carpenter ant abundance (P < 0.001, β = 0.971, host-plant effects not shown in Fig. 3) . The increase in carpenter ant abundance did not reduce caterpillar abundance, and thus changes in the abundance of these predatory ants did not appear to drive the effects of ants on caterpillars.
disCussion
The broad scope of the community studied here reveals a food web with top-down, horizontal, and bottom-up effects influencing both caterpillar abundance and leaf herbivory via multiple interaction types including predation, mutualism, and facilitation. While there were variable effects of ant predation on caterpillars among and within host-plant species, this variation could not be strictly attributed to variation in the presence of sap-feeders in the herbivore community. Ant predatory effects were consistent with the keystone mutualism hypothesis on three host-plant species, but not the others. This pattern is consistent with the literature reviewed by Styrsky and Eubanks (2007) , but the ant-community mechanisms favoring strong top-down effects from ant-sap-feeder mutualisms remain enigmatic. Although we observed increases in carpenter ant abundance associated with sap-feeders, these increases did not appear to determine the strength of ant predation of caterpillars.
Density-dependent predation failed to explain variation in the predatory effects of ants at the scale of spatial blocks and host-plant species. This finding contrasts with Singer et al. (2012) , showing that bird predation of caterpillars was density-dependent across tree species. However, parallel work in another carnivore guild found no evidence for density-dependent parasitism by tachinid and hymenopteran parasitoids for this plant-caterpillar community (Farkas and Singer 2013) . While densitydependent predation failed to explain variation in ant effects at the spatial scales we anticipated, we did detect ant predation of caterpillars on P. serotina in the absence of sap-feeders. This finding is relevant to densitydependent predation since this tree species has a relatively high abundance of caterpillars compared to other host-plant species in this system , suggesting that P. serotina is the only host-plant species with high enough caterpillar densities for ant effects to occur in the absence of sap-feeders. Despite this observation, density-dependent predation did not explain variation in ant predation within this tree species. Other traits of Prunus serotina, such as architecture or secondary chemistry may uniquely affect ant-caterpillar interactions in this community. Past work has demonstrated that P. serotina facultatively expresses extrafloral nectaries (Tilman 1978; R. E. Clark, personal observations) , providing one potential mechanism for strong ant predation effects on this host-plant species. However, this explanation seems doubtful in our case because expression of extrafloral nectaries occurs briefly immediately following budbreak (Tilman 1978; R. E. Clark, personal observations) and we observed extrafloral nectaries on a single occasion for the 108 experimental P. serotina branches/ saplings observed during experimental setup. Despite this low frequency of extra-floral nectaries on P. serotina, we cannot rule out that ant-extrafloral nectary interactions occurred at other times in the growing season or at other times of the day or night. It is also possible that the effects of extrafloral nectaries might alter foraging ant community structure, such as increasing ant colony density or size near Prunus serotina plants, thus increasing the density of foraging ants.
The increased per capita feeding damage by and abundance of caterpillars in association with sap-feeders and suggests two possible bottom-up mechanisms that altered caterpillar abundance and feeding behavior.
First, sap-feeders in this system may be non-random in their selection of trees, with sap-feeders preferentially feeding and living on high-quality hosts. These host plants may be local patches of high-quality food for caterpillars as well, with caterpillars preferentially feeding on these same host plants. In temperate forests, such as the one we studied, sunny microenvironments might support increased shoot growth associated with higher abundances of multiple herbivore guilds (Barber and Marquis 2009 ). There is some evidence for this pattern in deciduous forest communities that would explain the correlation between sap-feeders and caterpillars. For example, Bailey and Whitham (2002) observed sapfeeders and leaf-mining caterpillars were more abundant on host trees exhibiting recent, nutrient-rich growth following ecological disturbance. A second possible mechanism is facilitation of caterpillars by sap-feeders. Such facilitation has been observed in other systems, but has rarely been considered in analyses of ant-sap-feeder interactions, as pointed out by Styrsky and Eubanks (2007) . For example, in greenhouse experiments with cotton plants, caterpillar survivorship was higher when sap-feeding aphids were present, but ants were excluded (Styrsky and Eubanks 2010) . Likewise, caterpillars feeding on tomato plants that have been previously attacked by aphids exhibited higher growth rates and survival (Rodriguez-Saona et al. 2005) . Because of a growing number of examples like these in other plantherbivore networks, it is increasingly appreciated that herbivores can indirectly impact the growth of each other, in particular, through induced plant responses (Ohgushi 2005 , Ohgushi et al. 2012 . One mechanistic hypothesis underlying indirect interactions between herbivores is induced susceptibility. In this mechanism, sap-feeders activate defensive pathways mediated by salicylic acid, inhibiting a plant's jasmonic-acidmediated induced response to chewing herbivores (e.g. Stout et al. 1997 , Thaler et al. 2010 . As a result of these changes to plant defensive chemistry, chewing herbivores, such as caterpillars, experience increased performance on host plants occupied by other feeding guilds (Ali and Agrawal 2014) . Our results have two reciprocal implications: first that strong ant effects in the presence of sap-feeders are attenuated by plant responses to herbivores, and second, that increased ant predation compensates for increased leaf herbivory by caterpillars in the presence of sap-feeders. We propose that host-plant mediated indirect interactions between herbivore guilds may be an underappreciated additional impact of ant-sap-feeder mutualisms on arthropod food webs, especially in forest communities. These bottom-up effects also act in opposition to trophic cascades from the ant-sap-feeder mutualism, even on plant species in which the mutualism suppresses caterpillars. Our mixed support for ant-instigated trophic cascades contrasts with other studies on ant-sap-feeder mutualisms, mostly from agroecosystems, which show positive effects of ants on plants through trophic cascades when ants are engaged in mutualism (Styrsky and Eubanks 2007) . In non-agricultural ecosystems, the indirect benefit plants gain from this mutualism varies significantly. For example, oaks that harbored sapfeeders experienced reduced seed predation from acorn weevils, demonstrating a strong link between plant fitness and ant-sap-feeder mutualisms (Ito and Higashi 1991) . In contrast, Grinath et al. (2012) found that while sapfeeding insects strengthened ant predation on leaf beetles, leading to reduced herbivory, their host plants experienced reduced reproduction overall. These conflicting cases indicate that while ant-sap-feeder mutualisms have the potential to generate trophic cascades, whether these effects are realized in natural communities depends on factors not yet entirely understood. We suggest that correlated bottom-up effects, such as higher host-plant quality associated with sap-feeders, may attenuate ant trophic cascades even if strong predatory effects on herbivores are observed. Additionally, if leaf-chewing herbivores are facilitated by sap-feeders, ant predatory effects may be playing a compensatory role, resulting in a relatively neutral outcome for host plants. In the context of entire communities, the loss of mutualisms might release previously attenuated interactions and their potentially large ecological impacts (Palmer et al. 2015) . Given that mutualisms are found in most food webs, compensation and attenuation of predatory effects can be important and underappreciated components of these positive interactions.
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